INTRODUCTION
BREAD wheat, Triticum aestivum (2n = 6x = 42), is able to tolerate chromosome loss because of its hexaploid nature. This has enabled the development of aneuploid stocks and cytological techniques which enable single pairs of chromosomes to be transferred from one variety to another. Law (1966 Law ( , 1968 and Aksell (1967) have described methods using such chromosome substitution lines of hexaploid wheat whereby genetical differences for quantitative characters can be analysed in detail. In particular, they have described two types of diallel cross, named the Triparental crosses 1 and 2 which enable the additive, non-additive and interaction effects of whole chromosomes to be detected. However, only in the absence of epistasis (or more correctly non-homologous chromosome interactions) can the magnitude of the additive and non-additive (dominance) effects be unambiguously estimated, and this, in turn, restricts the predictive value of the agronomic benefit of known chromosome transfers, without more detailed genetic analysis.
The present paper describes a test for epistasis which is an extension of the Triparental cross 2 by the inclusion of the cross between the substitution line and the F1 between the donor and recipient lines. The addition of this cross is equivalent to the triple-test cross of Kearsey and Jinks (1968) and allows an independent test of epistasis for each line and an indication of the types of interaction, if any, present in the whole set of substitution lines.
THEORY (i) Scaling tests
A set of n single chromosome substitution lines of one variety, termed the Donor (D), into another variety, termed the Recipient (R) are crossed 34/3-A 297 to the Donor, Recipient and the F1 (RD' between them. If n is equal to the 21 homologous chromosome pairs of hexaploid wheat then a complete set of single chromosome substitution lines is, of course, being considered.
The mean genetical expression of these families can be described using the notation of Law (1972a) after Hayman and Mather (1955) , and it is easily shown, in the absence of epistasis, that for each substitution line:
(S x D) + (S1 x R) -2 (S1 x RD) = 0 where i = I to n. This is, of course, a scaling test and can be tested for significance against its standard error:
This allows independent tests of epistasis in the crosses involving each of the substitution lines.
If, for example, there are only three chromosomes A, B and C with their effects in association, then, if epistasis is present, and assuming only dichromosomal interactions the above is an estimate of:
ab + ac + c + iia -iiba + +.jac -Jca + fbc + cb ab iiac + for the crosses involving substitution line AAbbcc.
If chromosome A was in the dispersed condition, the Recipient being AAbbcc and the substitution line aabbcc, then the estimate becomes:
21bc 2ia 2Ja 2Jac 2.Jca 1 2Jbc Jcb 2 ab 2 ac '
This test provides an estimate, therefore, of the sum of the interactions of the substituted chromosome with other chromosomes of the complement plus the sum of the interactions between other chromosomes of the complement.
In common with the Triparental crosses 1 and 2 tests for epistasis, the efficiency of the present test in detecting interaction, when present, will depend on the degree of association and direction of the effects of the interacting chromosomes and on the type of interaction, whether predominantly of a complementary or duplicate nature (Law, 1 972a) . The Triparental cross 2 described by Law (bc. cit.) and Aksell (bc. cit.) detects only the interactions of the substituted chromosome with the other chromosomes in the background. This test may be combined with the present test to detect " background" interactions.
In the absence of such interactions = 0 with a variance of
If interaction is present, the above is an estimate, irrespective of whether the substituted chromosome is dispersed or associated, of:
Thus with the set of crosses described here, three tests of epistasis are possible.
These are:
(i) Triple Test Cross: SR + SD -2 (S1 x RD)
(ii) Triparental Cross 2: (S1R + S1D -S -RD) (iii) "Background" effects: (S1R+S1D+S1+RD-4(S1xRD)). It is easily shown that tests (ii) and (iii) are orthogonal but not tests (i) and (ii) or (i) and (iii).
If epistasis is present the Triparental cross 2 values will indicate which chromosomes are the most interactive. In the absence of epistasis the additive and non-additive effects of the chromosomes can be estimated as shown by Law (1972a) .
(ii) Second degree statistics
Since each value of S1R+S1D-2(S1 x RD) is independent, the variance of these values can, under certain conditions, indicate the type of interactions present in the substitution series.
Assuming, only three interacting chromosomes in the set, dichromosomal interactions only, and associated chromosomes, then the expectations for SR + S1D -2 (S1 x RD) are as shown in table 1.
Following Jinks and Perkins (1970) , it can be shown that the overall sum of squares:
(S1R+S1D -2 (S x RD) )2/ for n d.f. detects variation due to i, j and I type interactions. However, the variation of the individual values around the overall mean allows a test of j+I type interactions only and gives a sum of squares for (n-1) d.f. of {(S1R+S1D2(SxRD)}2/6{ (SR+SD-2(SxRD))}2/6n. This concerns an experiment carried out at the Plant Breeding Institute, Cambridge, involving the complete set of 21 single chromosome substitution lines of the winter wheat variety Cappelle-Desprez (Donor) into the variety Chinese Spring (Recipient).
The experiment was sown as a randomised plot experiment in 1972, and the character under consideration here is final plant height.
The results of the three scaling tests for epistasis are shown in table 2 and indicate that epistasis is present in the genetical control of this character. 2)(n2)22)2)ç( All significant estimates of tests (i) and (iii) are negative, and indeed, most of the non-significant estimates are also negative. Thus the interactions present are, in general, acting to reduce plant height. Since, on evidence to be presented later, the dominance (h) effects are predominantly positive, then a predominantly duplicate type of gene interaction is involved in the genetical control of this character (Mather, 1967) . Interestingly, the substitution lines of the variety Hope into Chinese Spring also showed this type of genetical architecture (Law and Worland, 1972b) which was related to the hexaploid nature of the wheat genotype and the functional identity of chromosomes within homoeologous groups. However, such a relationship cannot be established with certainty here. Indeed, the net Probability * = 00S-001; ** = 001-0001.
interactions of individual chromosomes (test (ii)) are ambidirectional in nature in the Cappelle-Desprez substitutions and of the two significant effects, those of chromosomes lB and 6B, the former is negative and the latter, positive. It would appear, therefore, that the net estimates of interaction in these crosses are made up of both positive and negative effects but with a preponderance of the latter.
Turning to the results of the triple test cross for epistasis, oniy two estimates are significant, those involving crosses of the substitution lines of chromosomes 1D and 5D. Neither of these chromosomes is detected as being individually interactive. In fact, these two effects are mainly the result of significant background interactions which are reinforced by the effects of the interactions of chromosomes 1 D and 5D. In contrast, the large positive effect of chromosome 6B is opposed by the negative interactions in the background and a non-significant estimate is obtained.
The analysis of variance with respect to the variation of the values of SR+SD-2(SxRD) is shown in table 3.
In this analysis, the " total epistasis" item is not significant. However, the important comparisons are obtained on partitioning this item. Thus although the " residual epistasis " item is not significant, the " overall epistasis" item is highly significant. Since the former detects j+1 type interactions and the latter i +j +1 type interactions, then the interactions present must be predominantly of the i type in this series of crosses.
The above conclusions are reinforced by the analysis of the generation means of progeny produced by crossing the Donor and Recipient varieties. Six generations are available, the two parents, their F1, F2 and backcrosses.
The result of the C scaling test (Mather and Jinks, 1971 ) is 465 092. This is highly significant indicating that epistasis is present. This is further In conclusion, the analysis of first-and second-degree statistics of the present experiment demonstrate that epistasis is involved in the genetical control of final height in this set of substitution lines. Thus a more detailed genetic analysis, to estimate the individual additive, dominance and interaction parameters of each chromosome, is needed before prediction of the effects of new chromosomal combinations can be attempted. Many chromosomes contribute to the " net" interaction in these crosses particularly chromosomes lB and 6B, and these interactions are mainly of an additive x additive type. Because the interactions are of this type, they are, of course, fixable in inbred lines which can be derived from a cross between the donor and recipient varieties. However, although the interactions of different chromosomes are ambidirectional in nature there is a preponderance of effects opposing the additive and dominance effects of the chromosomes, a genetical situation corresponding to the duplicate gene interaction situation of classical Mendelian genetics. This type of gene action will restrict the expression of transgressive segregation for increased height in the F2 and F3 generations derived from the cross between these two varieties.
